Introduction
Heat exchangers are found in different industrial sectors where heat has to be transferred between different media. For the optimal design of a heat exchanger, and for the determination of its operational parameters and performance, the drag and heat transfer between the fluid flow and the structure have to be known. The characteristics of a heat exchanger can be established either directly by experimental measurements (e.g. Žukauskas et al., 1987 , Kays & London, 1998 , Kakac, 1985 , and Aiba et al., 1982 or by numerical simulations using different mathematical models (e.g. Launder & Massey, 1978 , Antonopoulos, 1979 , Beale & Spalding, 1999 , and Barsamian & Hassan, 1997 . We are mentioning only few references as it is impossible to justly evaluate work of all investigators who made important contributions.
The drawback of experimental studies is that they are time and cost consuming and, therefore, not best suited for a comprehensive parametrical analysis of different heat exchanger prototypes.
Nevertheless, such analyses are needed in development of new heat exchanger designs, and for establishment of their optimal operational parameters. Therefore, as a complement to experimental work, different numerical methods and approaches are increasingly employed for the assessment of heat exchanger characteristics.
Direct numerical simulations of fluid flow and heat transfer in heat exchangers are today, despite the fast progress in computer performance, computationally still too demanding. Therefore, significant modeling simplifications have to be done. The most commonly used approach is to simplify the turbulence modeling and the wall effect treatment. Horvat and Mavko (2005) studied an alternative approach, which is based on hierarchic modeling, where the model and its computation are split onto two distinct levels. On the first level, detailed transient threedimensional numerical simulations of fluid flow and heat transfer in a geometry similar to a heat exchanger segment are performed to study the local thermo-hydraulic behavior. Based on the calculated three-dimensional velocity and temperature distributions, dependencies of the drag coefficient and the heat transfer coefficient on average flow parameters are determined. On the second level, a simplified integral model (Horvat & Catton, 2003) , which is based on average flow variables, is applied to simulate the heat transfer over a whole heat exchanger using the established drag coefficient and heat transfer coefficient correlations. The use of the two-level hierarchic modeling approach has some clear advantages. As the computationally most demanding terms of momentum and heat transport are determined on a separate level, the integral code is fast running, but still capable to accurately predict the heat flow for a whole heat exchanger. The accuracy of the heat exchanger integral model and its applicability crucially depends on the accuracy of the used drag and heat transfer coefficient functions, and the range of the heat exchanger geometrical and the flow parameters, which are covered by these functions.
The main purpose of the performed work is to get a detailed insight of the local heat transfer and fluid flow conditions in different tube bundles, and to establish widely applicable drag and heat transfer coefficient functions for the heat exchanger integral model (Horvat & Catton, 2003) .
Three different tube shapes were analyzed: the cylindrical, the ellipsoidal and the wing shape. In the performed parametric analysis the considered fluid flow Reynolds numbers cover the laminar, the transitional as well as the turbulent flow regime. 
Geometrical models
For each heat exchanger tube bundle geometry, the numerical simulations were performed for a representative elementary volume (REV) of the tube bundle. The examples are presented in Figs. 1-3. As may be seen in figures, each bundle consists of tubes in staggered arrangement with a constant cross-section.
The optimal size and shape of the REV was determined after extensive testing, considering the overall flow dynamics in the simulation domain, the error introduced due to the limited simulation domain, and the needed computational resources. It turned out that in order to get representative and reliable results it is more important to simulate longer time intervals than to enlarge the simulation domain.
To determine the influence of the tubes' shape on the heat exchanger characteristics, three different tube shapes were included in the analysis: the cylindrical, the ellipsoidal and the wing shape. In all cases the height of REV was equal to its diagonal pitch. (1) The shape of the wing form tubes was based on the NACA 4-digit-series of profiles e.g. NACA0020, where the last two digits represent the thickness-to-chord ratio t/c (Ladson et al., 1996) . In general, the NACA profile coordinates are calculated as 
For t/c = 1/5, the coefficients are given by Ladson et al. (1996) : was concluded that the hydraulic diameter d h more universally describes the heat exchanger geometrical conditions than the pitch-to-diameter ratio p/d. Therefore, the hydraulic diameter d h was chosen as the representative geometrical parameter. In Table 1 the calculated hydraulic diameters d h for all analyzed tube bundle geometries are presented. 
Mathematical model
The transient numerical simulations of the fluid flow and heat transfer in the REV of the analyzed tube bundle geometries were performed with the CFX 5.7 commercial code. For the working fluid, material properties of air were taken. In the simulated cases, the maximum flow speed remains much lower than the speed of sound and the maximum variations of air temperature are only a few degrees. Therefore, the incompressible flow model was selected.
Since the description of the basic conservation equations (mass, momentum and thermal energy) used in the CFX code can be found in any classical fluid dynamics textbook (e.g. Bird et al., 1960) , it is not repeated here.
The tube walls in REV were treated as isothermal with the temperature T wall = 35 o C. To allow disturbances to propagate over the geometrical limits of the simulation domain, the periodic boundary conditions were assigned in all 3 directions for all other boundaries.
Momentum transport
In order to consistently model the unsteady flow, periodicity has to be imposed on the transport equations in the streamwise direction. In the momentum equation, periodicity was achieved by separating an average pressure drop p ∆ across the simulation domain from its residual part
Thus, the momentum equation can be written as
The simulations were performed for a number of preset values of the pressure drop p ∆ along the simulation domain, as presented in Table 2 . For all three analyzed tube shapes, the same values of the pressure drops were chosen. 
Energy transport
In the energy equation, the periodicity of temperature field was implemented by separating the average temperature increase T ∆ along the simulation domain from its residual part
The energy transport equation changes its form to:
where the periodic boundary condition are applied to the residual temperature part * T .
Consequently, the isothermal boundary conditions are also converted to
In order to preserve the validity of the assumption of constant material properties, the average temperature increase was set to ∆T = 1 o C for all simulations.
Turbulence transport
The turbulence stresses and the turbulence viscosity µ t were calculated with the transient shear stress transport (SST) model, which was developed and improved by Menter (1993) . It is a combination of the k-ε and the k-ω model of Wilcox (1986) . At the wall, the turbulence frequency ω is much more precisely defined than the turbulence dissipation rate ε. Therefore, the SST model activates the Wilcox model in the near-wall region by setting the blending function 
By switching between both models, the SST model gives similar, if not even superior performance than the low-Reynolds number k-ε models, but with much larger robustness. More details on the SST model can be found in Menter (1994) .
Computational details
For each analyzed REV geometry, the optimal 3D numerical grid was generated, taking into account also the case specific fluid flow conditions. The numerical grids were built with tetrahedra and prisms, which were aligned with the tube walls to better describe the boundary layer structures. Since the numerical results can be grid dependent, special care was taken to construct numerical grids with sufficient resolution and uniformity. As the basic criterion for the numerical grid resolution, the maximum non-dimensional wall distance y + of the first layer of nodes was taken. During the simulations, the maximum y + did not exceed the value of 2.0.
Tables 3-5 summarize the number of grid nodes used for the numerical simulations. In order to reduce the computational time required to reach thermal equilibrium, steady-state simulations on a coarser numerical mesh were performed first. After the thermal equilibrium was reached, the result file was used as initial conditions for further transient numerical simulations on a finer mesh. The timestep for the transient calculations was based on an average time interval needed for a flow particle to pass the simulation domain: 
Results
A comprehensive parametrical analysis of airflow and heat transfer in the REV was performed covering a wide spectrum of heat exchanger conditions.
The following parameters were varied:
• Tube shape: cylindrical, ellipsoidal and wing shape tubes were considered (see Figs. 1-3 ).
• Pitch-to-diameter ratio: for each tube shape, 4 different pitch-to-diameter ratios were analyzed (see Table 1 ).
• Imposed pressure drop: for the each tube bundle geometry, the numerical simulations were performed for 7 or 8 imposed pressure drops (see Table 2 ).
Altogether 93 transient numerical simulations were performed. These simulations provided the necessary data to determine the drag coefficient and the Stanton number functions used in the heat exchanger integral model. The imposed pressure drops ∆p (Table 2) across REV generated flow which was in most cases unsteady. In order to extract relevant statistical values of physical variables, the volumetric average velocity
and temperature
were recorded at each timestep after statistical steady-state flow conditions were reached. The length of the recording interval was set on a case-by-case basis. We tried to find a repeatable pattern of flow behavior and adjust the recording interval to the pattern period to better capture the variable statistics. Therefore, the recording intervals were from 1200 to 4755 timesteps long.
In all cases the recording interval was at least 150 times longer than the time required for an average flow particle to travel the length of the simulation domain (11). 
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Similarly, using the recorded time distributions of Stanton number ) (t St , the time averages St were calculated for the cylindrical, the ellipsoidal and the wing-shaped tubes and for the all imposed pressure drops. Based on the calculated time averages St , the Stanton number approximation functions ( )
were determined using least-square polynomial regression.
The following Stanton number approximation functions were obtained:
• Cylindrical tubes ( ) The shape of the Stanton number contour plots (Figs. 11-13 ) is similar to the shape of the drag coefficient contour plots (Figs. 4-6) . The reason for this similarity is that in the range of considered Reynolds numbers the heat transfer crucially depends on the momentum transfer from the fluid flow to the structure walls. The Stanton number monotonically decreases with increasing Re for any given d h . This means that the flow velocity increases faster than the convective heat transfer from the isothermal walls to the fluid. Therefore, the average fluid temperature ) (t T f , as defined by (13) 
Conclusions
Numerical analysis of heat transfer was performed for the heat exchanger segments with the cylindrical, the ellipsoidal and the wing-shaped tubes in the staggered arrangement. The purpose of the analysis was to get a detailed insight of the local heat transfer and fluid flow conditions in a heat exchanger and to establish widely applicable drag coefficient and Stanton number functions for the heat exchanger integral model (Horvat and Catton, 2003) . ‡ cylindrical tubes ‡ ellipsoidal tubes ‡ wing form tubes Almost 100 three-dimensional transient numerical simulations were performed for the tube bundle cross-flow, considering different tube shapes, different pitch-to-diameter ratios and different flow Reynolds numbers. It is important to mention that we encountered a much more complex physical behavior than it was reported in the available literature (e.g. Bejan, 1995 , Stanescu et al. 1996 , and Matos et al., 2004 . Large flow oscillations and semi-stochastic motion of the flow in the spanwise direction were observed as the flow regime changes, especially for the wing-shaped tubes. 
